Central nervous system (CNS) tumors are a leading cause of death in pediatric oncology. New drugs are desperately needed to improve survival. We evaluated the outcome of children and adolescents with CNS tumors participating in phase I trials within the Innovative Therapies for Children with Cancer (ITCC) consortium. Patients with solid tumors aged < 18 years at enrollment in their first dose-finding trial between 2000 and 2014 at eight ITCC centers were included retrospectively. Survival was evaluated using univariate/multivariate analyses. Overall, 114 patients were included (109 evaluable for efficacy). Median age was 10.2 years (range 1.0-17.9). Main diagnoses included: medulloblastoma/primitive neuroectodermal tumors (32.5%) and high-grade gliomas (23.7%). Complete/partial responses (CR/PR) were reported in 7.3% patients and stable disease (SD) in 23.9%. Performance status of 90-100%, school/work attendance, normal ALT/AST and CR/PR/SD correlated with better overall survival (OS) in the univariate analysis. No variables assessable at screening/enrollment were associated with OS in the multivariate analysis. Five patients (4.5%) were discontinued from study due to toxicity. No toxic deaths occurred. Median OS was 11.9 months with CR/PR, 14.5 months with SD and 3.7 months with progressive disease (p < 0.001). The enrollment of children and adolescents with CNS tumors in phase I trials is feasible, safe and offers potential benefit for the patients. Sustained disease stabilization has a promising role as a marker of anti-tumor activity in children with CNS tumors participating in phase I trials.
Introduction
Approximately 16-20% of the cancers diagnosed in children aged 0-14 years in Europe are central nervous system (CNS) tumors [1] . CNS tumors constitute a leading cause of cancer-related death in children in Europe, the United States and Canada, with 5-year survival rates of 57-72% [1, 2] . Hence, there is an unmet need for novel strategies to improve survival outcomes. Dose-finding trials (phase I and seamless phase I/II trials) are crucial in the evaluation of novel anti-cancer agents for children, since these studies determine the Recommended Phase II Dose for a given drug. However, patients with CNS tumors are sometimes excluded from these trials due to doubts about drug penetration across the blood-brain barrier and/or concerns raised by a history of seizures, corticosteroid requirements and risk of certain neurologic complications, such as raised intracranial pressure, CNS bleeding or spinal cord compression [3] . Nonetheless, dose-finding trials are increasingly being incorporated at earlier time points of treatment-failure for children with advanced solid tumors [4] and there are initiatives to identify prospectively pediatric and adult patients with CNS tumors who might be future candidates for future phase I and phase II studies (NCT00009035). A better understanding of the current landscape of pediatric patients with CNS tumors treated in phase I trials across Europe will contribute to optimizing recruitment and maximizing the efficiency of future phase I trials.
Our main objective was to evaluate the survival outcomes of children and adolescents with CNS tumors enrolled in phase I trials within the Innovative Therapies for Children with Cancer (ITCC) European consortium. In addition, we assessed potential prognostic factors of overall survival (OS) at study entry and tested two predictive scores previously validated in adult cancer patients: the Royal Marsden Hospital (RMH) score and the MD Anderson Cancer Center (MDACC) score [5] [6] [7] .
Patients and methods
The present study is a post-hoc analysis of the patients with CNS tumors included in the recently published larger ITCC study evaluating prognostic factors of OS in children and adolescents aged < 18 years at enrollment in their first dosefinding trial [8] . Patients were enrolled between 1st January 2000 and 31st December 2014 across eight European centers. All phase I trials had been approved by local institutional review boards. Informed consent by parents/legal guardians and patients had been obtained for participation to the corresponding trial.
Only patients who had completed trial screening and had received at least one dose of the study drug were included in the analysis. All diagnoses of refractory or recurrent CNS tumors were eligible, except for low grade gliomas. Relevant clinical data at baseline and efficacy outcomes were collected accordingly. Lansky and Karnofsky performance status scales were converted to Eastern Cooperative Oncology Group (ECOG) scale for calculation of the MDACC score as follows: Lansky/Karnofsky of 90-100, 70-80, 50-60 or 30-40% were equivalent to an ECOG of 0, 1, 2 or 3, respectively.
Outcome data were collected as follows: best response was defined according to protocol-specific response assessment criteria from day 1 of cycle 1 (C1D1) until best radiological response (including disease stabilization) at any timepoint or disease progression, whichever occurred earlier; event-free survival (EFS) was defined from C1D1 until disease progression on trial, death or study discontinuation, whichever occurred earlier; OS was measured from C1D1 until death or last follow-up. Patients who were still participating in the trial at the time of data collection were censored at last follow-up for calculation of the EFS and OS. Early mortality rates were also calculated at 30 and 90 days from C1D1. If patients had been taken off study for reasons other than disease progression, this information was collected where available, as well as the end of study date. In addition, the RMH and MDACC scores were calculated for patients with data available in all score items (score calculation was made accounting for 1 point per item). These included albumin < 35 g/L, lactate dehydrogenase (LDH) above the upper limit of normal (ULN) and the presence of ≥ 3 metastatic sites, for the RMH score [5, 6] ; and the aforementioned RMH score items plus gastrointestinal tumor type and Eastern Cooperative Oncology Group (ECOG) performance status ≥ 1, for the MDACC score [7] .
Descriptive statistics were used to present patients' characteristics. Categorical data were compared using the Chi-squared test. Survival curves were estimated by the Kaplan-Meier method. Univariate log-rank test was used to compare survival distributions according to 24 clinical parameters. Multivariate Cox regression analysis was performed with those variables identifiable at study entry that correlated with survival in the univariate analysis. P values < 0.05 were considered statistically significant. Statistical analyses were conducted with SPSS® version 16.0.
Results

Baseline patient characteristics
Overall, out of a cohort of 248 patients with relapsed/ refractory solid tumours treated within their first phase I trial between 2000 and 2014, 114 patients (46%) had CNS tumors (Table 1 ) and were treated across 16 dose-finding trials (Suppl Table 1 ). The median age of patients with CNS tumors was 10.2 years (range 1-17.9) and male to female ratio was 1.15:1. The most frequent diagnoses were medulloblastoma/primitive neuroectodermal tumor (PNET), high grade glioma and diffuse intrinsic pontine glioma (DIPG) in 32.5, 23.7 and 17.5% of cases, respectively. Approximately half of the patients (48.2%) had metastatic disease at study entry. The patients had received a median of one line of chemotherapy (range 0-7) prior to enrollment. Fifteen patients (13.1%), including DIPG (n = 9), ependymoma (n = 4), high grade glioma (n = 1) and neurosarcoma (n = 1), had not received any chemotherapy at study entry. Previous surgical resection had been done in 76% cases and prior radiotherapy in 93%. The majority of patients (67.5%) were treated in trials with single targeted agents ( Table 1) .
Response rate and time to progression
Out of 12 patients (4.8%) not evaluable for response in the whole cohort (248 patients), 5 were diagnosed with CNS tumors and 7 with extra-CNS tumors. Overall, 109 patients with CNS tumors (95.6%) were evaluable for response. Best response in evaluable patients included complete/ partial response (CR/PR) in 7.3%, stable disease (SD) in Other CNS tumors include: ATRT (n = 8), pineoblastoma and neurosarcoma (n = 2 each), posterior fossa tumor not-otherwise-specified and glioblastoma/undifferentiated sarcoma (n = 1 each) c Only tumor types for which ASCT is generally accepted as part of their treatment, either at diagnosis or at relapse, were included (i.e. medulloblastoma/sPNET, pineoblastoma, ATRT) d Including patients with non-measurable disease who achieved non-CR/non-PD e Other reasons for study discontinuation included: completion of trial protocol (n = 3), complete response (n = 2), error in administration (n = 1) 23.9% and progressive disease (PD) in 68.8% (Table 2) . CR occurred in patients diagnosed with medulloblastoma/ PNET (n = 2) and high grade glioma (n = 1); and PR in patients with high grade glioma (n = 3), medulloblastoma/ PNET (n = 1) and atypical teratoid rhabdoid tumor (n = 1).
The clinical benefit ratio (CR + PR + SD) was 31.2%. Overall, 88% of patients with CR/PR (n = 7/8) and 50% of those with SD (n = 13/26) stayed on trial for ≥ 4 months. The median EFS for the CNS cohort was 1.8 months (95% CI 1.6-2.0). Additionally, there were no statistically significant differences between the clinical benefit ratio and the rate of PD in the first evaluation of patients with CNS tumors versus those with extra-CNS tumors (data not shown; Chi square 1.4, p = 0.235).
Prognostic factors of overall survival and adult predictive scores
The median follow-up from C1D1 for the CNS cohort was 4.9 months (range 0.2-96). The median OS of patients with CNS tumors was 5.4 months (95% CI 3.8-7.0) versus 7.1 months (95% CI 5.5-8.7) in patients with extra-CNS tumors (log-rank, p = 0.301), Fig. 1a . Eleven patients with CNS tumors (9.6%; 95% CI 4.2-15.0) died within 30 days of C1D1; and 37 patients (32.5%; 95% CI 23.9-41.1) died within 90 days of C1D1. Among 14 patients discontinued from the trial due to toxicity in the whole cohort (i.e. 248 patients), only 5 (36%) were diagnosed with CNS tumors. No drug-related deaths were reported.
In the univariate analysis (log-rank test), factors significantly associated with improved OS included: performance status 90-100%, school/work attendance, alanine aminotransferase (ALT) or aspartate aminotransferase (AST) within normal ranges, and CR/PR or SD (Table 2) .
Objective response and disease stabilization in patients with CNS tumors were associated with improved OS regardless of the response criteria applied in each case (Table 2) . Additionally, objective response and disease stabilization also correlated with improved OS in the subset of patients who had been evaluated for efficacy according to RECIST guidelines (Table 3 ; Fig. 1b ).
Response to treatment was excluded from the multivariate analysis (Cox regression), because this variable cannot be determined at enrollment and therefore does not constitute a prognostic factor assessable at baseline. No clinical variables were significantly associated with OS in the multivariate analysis, although performance status and school/work attendance were close to the 95% significance level: p = 0.059 and p = 0.063, respectively ( Table 2) . d Abnormal lab parameters at baseline were within the limits permitted per protocol and all patients were successfully enrolled in their respective trials e Only tumor types for which autologous stem-cell trasnplant is generally accepted as part of their treatment, either at diagnosis or at relapse, were included (i.e. medulloblastoma, PNET, pineoblastoma and ATRT) f Including patients with non-CR/non-PD g Not included in the multivariate analysis of prognostic factors, because tumour response cannot be evaluated at baseline The RMH and MDACC scores were calculated in 59 (51.8%) and 57 (50%) patients with all items, respectively. None of them correlated with OS in the univariate analysis (Table 2 ; Fig. 2 ).
Discussion
Despite advances in the understanding of the molecular biology and improvements in therapy for children with CNS tumors, treatment options for relapsed CNS tumors are generally limited and survival outcomes across tumor types are still modest. More novel therapies are therefore still needed for patients with recurrent/refractory CNS tumors. The fact that nearly half of all patients recruited to ITCC pediatric phase I trials within this time period were children with CNS tumors reflects this high medical need [8] , as well as the feasibility of enrolling these patients in pediatric phase I trials. This is in stark contrast with the population of adults with CNS tumors, historically excluded from phase I trials due to their poor prognosis, concomitant drug interactions, concerns about excessive toxicities and limited efficacy [3] . For instance, in a multi-centric review of 2182 adult cancer patients participating in phase I trials, < 7% of patients had primary CNS tumors. Likewise, in a large institutional cohort of 1181 adults with cancer enrolled in phase I trials, only 12 (1%) had primary CNS tumors [7, 9] . Notwithstanding, adults with primary CNS tumors enrolled in phase I trials still seem to have a survival advantage compared to those not enrolled [3] . Since there is a paucity of data in children and adolescents with CNS tumors for reference, we assessed the outcomes of 114 children and adolescents with CNS tumors who participated in a dose-finding trial. To our knowledge, this is the largest reported series of its kind to date.
Patients with CNS tumors represented 46% of the population enrolled in dose-finding trials across 8 large pediatric oncology units in 4 European countries over a period of 15 years [8] . This is relatively similar to that reported in a former review of pediatric phase I trials in the United States conducted between 1992 and 2005, where 35% of the patients had brain tumors [10] . These findings highlight that, despite certain features potentially compromising the eligibility of children and adolescents with CNS tumors -such as uncertainty about drug penetration into the CNS and risk of specific adverse events (e.g. seizures, intracranial hypertension, etc)-, such patients constitute a substantial proportion of the population recruited to paediatric phase I trials. 
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The age and gender distributions in our sample are similar to those previously reported in two European centers reviewing the participation in pediatric phase I and phase II trials, with a median age of 10-12 years and a mild predominance of male patients [11, 12] .
In our study approximately one-third of the patients who discontinued the trial due to toxicity were diagnosed with a CNS tumor and no toxic deaths were reported. Dose limiting toxicities (DLT) were not specifically reported. However, prior reports from Gustave Roussy and the Royal Marsden Hospital have shown a rate of DLTs of 12-13% in pediatric phase I trials [11, 12] : out of 28 patients experiencing DLTs, 15 (54%) were diagnosed with CNS tumors [personal communication from authors]. Additionally, there were 10 patients not evaluable for DLTs altogether; 7 of whom had a diagnosis of a CNS tumor and developed disease progression over the DLT-evaluation period [personal communication from authors]. Overall trial participation can be deemed safe for CNS tumor patients compared to those with extra-CNS tumors, although more specific criteria to identify those more likely to derive benefit from the study drug are still needed.
As regards efficacy, approximately one-third of the patients with CNS tumors enrolled in a phase I trial derived some clinical benefit, as defined by imaging criteria (CR + PR + SD). Patients assessed according to RECIST v1.0 or v1.1 were analyzed jointly for study purposes. This was based on evidence from a cohort of > 6500 adults with metastatic cancer evaluated according to both versions. The study showed that the reduction in the number target lesions, as per v1.1, did not affect the overall response rate and only minimally affected the assessment of progression-free survival [13] , thereby simplifying the measurements, but without reducing the prognostic value of the response criteria. The response rates observed in our pediatric and adolescent cohort are comparable to those reported in previous reviews of pediatric phase I trials, showing objective responses in 3.8-9.6% of cases and disease stabilization in 17-37.7% [10] [11] [12] 14] . Likewise, the median EFS and OS in our cohort are similar to those previously reported in pediatric phase I trials: 1.3-2.8 months for EFS and 3.6-8.5 months for OS [10] [11] [12] 15] . However, these studies did not analyze efficacy in the subset of patients with CNS tumors separately. Hence, our findings could serve as a suitable reference for evaluation of early signs of activity in children and adolescents with CNS tumors in future phase I trials.
One of the main issues in drug development for children with CNS tumors is the concern about drug penetration across the blood-brain barrier, either due to the intrinsic properties of the molecule or due to disruption of the blood-brain barrier by the tumor itself. We could not find any significant differences between the response rates of children with CNS and extra-CNS tumors. Thus it can be assumed that the drugs tested in each group were reaching the target in a comparable way and drug penetration across the blood-brain barrier was not putting patients with CNS tumors in disadvantage compared to those with extra-CNS tumors.
In terms of survival outcomes, there were no differences in the median OS of patients diagnosed with CNS tumors compared to those with extra-CNS tumors. Furthermore, as is to be expected, we observed that response correlated with survival in the univariate analysis. This endpoint was excluded from the multivariate analysis, because our objective was to determine prognostic factors identifiable at study entry and response cannot be assessed at the time of enrolment. Therefore caution should be exercised when generalizing these results. In adults enrolled in phase I trials, a near-linear relationship between tumor shrinkage assessed by RECIST and OS has been demonstrable [16] . In pediatric phase I trials, we have previously shown that greater tumor shrinkage, assessed by RECIST, also correlates with a more prolonged response and increased OS [17] .
Intuitively the underlying diagnosis might also be a relevant prognostic factor. However, given the heterogeneous population and the limited number of patients in each diagnostic category, this variable was excluded from the uni/ multivariate analyses.
Additionally, and importantly, in agreement with previous reports [8, 17] , in our cohort those patients with CNS tumors who achieved disease stabilization had survival rates comparable to those with objective responses. These findings suggest that novel targeted therapies, even if they cannot induce significant tumor shrinkage, may halt tumor growth sufficiently as to confer a survival advantage for some patients; whereas historically only objective responses have been considered a sign of anti-tumour activity in early phase trials. Although this observation should be validated in prospective phase II studies dedicated to patients with specific types of CNS tumors, our study raises the hypothesis that sustained disease stabilization in pediatric patients with CNS tumors can be a marker of anti-tumor activity in phase I trials of novel agents.
As regards other prognostic factors, we have previously shown that some indicators of the patient´s well-being, such as performance status and school/work attendance at enrollment, were associated with OS in pediatric phase I trials [8] . In the subset of patients with CNS tumors, performance status ≤ 80% and no school/work attendance at enrollment were associated with worse OS in the univariate analysis and there was a trend towards poorer OS in the multivariate analysis. Conversely, the association of elevated ALT and AST with worse OS in the univariate analysis might be anecdotal and should be regarded with caution. Bearing in mind that these elevations were mild, because patients could still be enrolled in their respective trials and the maximum transaminase values permitted for inclusion are normally up to 1.5-2.5 times the ULN, it could be argued that this is a random finding attributed to multiple comparisons. In addition, two clinical scores previously validated in adult cancer patients as good predictors of survival were assessed in this patient population: the RMH score and the MDACC score [5] [6] [7] . Neither score was predictive of survival in the limited subset of patients within our cohort. Likewise, the RMH score did not correlate with survival in 55 adults with CNS tumors enrolled in phase I trials [3] . These findings illustrate the lack of reliable indicators of OS and highlight the need to identify prognostic factors specific for children and adolescents with CNS tumors to optimize patient selection for future phase I trials.
Limitations of this study to be acknowledged include its retrospective nature, the use of different response assessment criteria depending on the trial and the lack of a validation cohort.
In summary, this study is the largest review of children and adolescents with CNS tumors participating in a dosefinding trial and is representative of the European drug development landscape over the past decade. Firstly, CNS tumors represented nearly half of the diagnoses of children enrolled in phase I trials. Secondly, up to one-third of the patients with CNS tumors derived clinical benefit, as defined by imaging criteria (CR + PR + SD), from enrollment in the phase I trial and response/stabilization was associated with improved OS. Interestingly, survival rates in patients with disease stabilization were comparable to those with objective responses. Therefore sustained disease stabilization showed a promising role as a marker of anti-tumor activity in children with CNS tumors participating in phase I trials. These response rates and survival outcomes will serve as a reference for future phase I trials for children and adolescents with CNS tumors.
Finally this study shows that entering children and adolescents with CNS tumors in phase I trials is feasible, safe and offers potential benefit for the patients; supports the inclusion of children and adolescents with CNS tumours in early phase studies; and may suggest that there could be further gains for them should early clinical trials designed for patients with CNS tumours be developed with specific consideration to e.g. targets of major interest and blood brain barrier penetrability by the agent being evaluated.
